Two recombinant baculoviruses were produced in order to obtain a bovine viral diarrhea virus (BVDV) immunogen: AcNPV/E2 expressing E2 glycoprotein, and AcNPV/E0E1E2 expressing the polyprotein region coding for the three structural proteins of BVDV (E0, E1, and E2). Mice were immunized with Sf9 cells infected with the recombinant baculoviruses in a water in oil formulation and the production of neutralizing antibodies was evaluated. Since E2 elicited higher neutralizing antibody titers than E0-E1-E2 polyprotein, it was selected to immunize cattle. Calves received two doses of recombinant E2 vaccine and were challenged with homologous BVDV 37 days later. The recombinant immunogen induced neutralizing titers which showed a mean value of 1.5 ± 0.27 on the day of challenge and reached a top value of 3.36 ± 0.36, 47 days later (84 days post-vaccination). On the other hand, sera from animals which received mock-infected Sf9 cells did not show neutralizing activity until 25 days post-challenge (62 days post-vaccination), suggesting that these antibodies were produced as a consequence of BVDV challenge. Even when no total protection was observed in cattle, in vitro viral neutralization assays revealed that the recombinant immunogen was able to induce neutralizing antibody synthesis against the homologous strain as well as against heterologous strains in a very efficient way.
Bovine viral diarrhea virus (BVDV) is an important pathogen of cattle worldwide, generating considerable economic losses for the livestock industry. BVDV belongs to the genus Pestivirus, within the family Flaviviridae (1) and is classified into biotypes and genotypes based on the cytopathic effect on cell culture and on nucleic acid differences, respectively (2) . The high antigenic diversity associated with BVDV genotypes imposes a critical constraint on the development of efficacious vaccines to control the disease (3) . BVDV is a small positivestranded RNA virus with a genome of ap-S. Chimeno Zoth et al.
www.bjournal.com.br proximately 12.5 kb coding for a polyprotein which is co-and post-translationally processed by either host or viral proteases, yielding at least 12 individual proteins, three of which are structural glycoproteins: E0, E1, and E2 (4) . Glycoprotein E2 is the most immunogenic protein of BVDV and elicits high titers of neutralizing antibodies after infection (5) . Since virus transmission can be blocked in the presence of neutralizing antibodies, E2 constitutes an excellent candidate for the formulation of a recombinant vaccine (6) .
Both attenuated and killed BVDV vaccines are available. Nevertheless, in spite of the efforts made in this field, an effective and safe BVDV vaccine has not yet been obtained. The development of a subunit vaccine with advantages in terms of biosecurity and absence of reversion risk would be of great help in formulating strategies for BVDV control. In addition, the use of subunit vaccines as marker vaccines would permit the differentiation of vaccinated from infected animals by a simple serological assay and therefore would be of increased benefit (7) .
The aim of the present study was to evaluate the serological response induced by a recombinant immunogen based on Sf9 insect cells expressing E2 glycoprotein of the NADL strain of BVDV.
E2 and E0-E1-E2-coding regions were amplified from cDNA synthesized from genomic RNA of the NADL strain of BVDV (ATCC) as described previously (8) , using primers E2f (5' GGGATCCACCATGGT ACAGGGCATTCTG 3') and E2r (5' GAA GCTTCTAGATTAGAGTAAGACCC ACTT 3') for E2 glycoprotein and E0polf (5' CGCGGATCCATGAAACTGGAAAAA GCATTG 3') and E2polr (5' AAACTGCA GTTAGAGTAAGACCCACTT 3') for the polyprotein. The amplified fragments were cloned into the pVL1393 transfer plasmid (Pharmingen, San Diego, CA, USA) to obtain pVLE2 and pVLE0E1E2 plasmids. Recombinant baculoviruses (AcNPV/E2 and AcNPV/E0E1E2) were obtained by standard procedures (9) . For antigen production, a previously described protocol was used (8) . Briefly, monolayers of Sf9 cells were infected with each viral inoculum at a multiplicity of infection of 5. After 72 h at 27ºC, cells were collected and centrifuged for 15 min at 200 g. Then, cells were washed with PBS, pH 6.2, and resuspended in cracking buffer. Cell extracts were analyzed by SDS-PAGE and the presence of recombinant proteins was demonstrated by Western blot.
In order to compare the immunogenicity of both antigens, five BALB/c adult mice were inoculated intraperitoneally with the recombinant immunogen. The inoculum consisted of two doses of 2 x 10 7 Sf9 cells infected with the recombinant baculovirus (AcNPV/E2 or AcNPV/E0E1E2). Briefly, Sf9 cells grown in T-75 flasks (NUNC, Rochester, NY, USA) were infected with AcNPV/ E2 or AcNPV/E0E1E2 as mentioned above. After incubation, the infected cells were collected, pelleted, washed, and resuspended in PBS at a concentration of 2 x 10 7 cells/100 µL. Each dose consisted of 100 µL of the cell suspension emulsified in 100 µL oil adjuvant (10) . Inoculations were performed on days 0 and 14. Sera collected 21 days after immunization were analyzed for the presence of neutralizing antibodies against the homologous BVDV NADL strain. Viral neutralization assays were performed in MDBK cells using standard microtitration procedures (11) and titers were determined by the method of Reed and Muench (12) . Figure 1 shows that both recombinant immunogens elicited high titers of neutralizing antibodies in comparison with the negative control (mice immunized with mock-infected Sf9 cells formulated with the same adjuvant). The recombinant vaccine based on E2 glycoprotein alone proved to be significantly (P < 0.01) more efficient in the induction of the neutralizing response than the other one, based on the polyprotein (E0-E1-E2). For this reason, the immunogen based on E2 was The recombinant immunogen for cattle was obtained by a procedure similar to that previously described, i.e., Sf9 cells were grown in spinner flasks containing 1 x 10 6 cells/mL, cells were infected with AcNPV/ E2 and finally resuspended in PBS at a concentration of 1 x 10 8 cells/mL. The presence of E2 antigen was confirmed by Western blot (Figure 2A ). Anti-E2 mAb revealed the presence of a major band of about 53 kD in Sf9 cells infected with AcNPV/E2, which corresponded to the molecular weight predicted for the E2 glycoprotein. An additional band of approximately 100 kD, compatible with the molecular weight predicted for the homodimeric form (E2-E2), was also observed, in agreement with previous reports (13) . The same pattern was observed in Western blots developed with polyclonal sera obtained from BVDV-infected calves, suggesting that the antigenic properties of the recombinant E2 protein are similar to those of viral E2 which elicited the production of these antibodies (data not shown). Furthermore, by treatment with tunicamycin, the recombinant protein was shown to be Nglycosylated in a way similar to that described by Collett et al. (4) when BVDV infected its host cells (data not shown).
Each dose of the recombinant immunogen consisted of 2 mL of the cell suspension (containing approximately 50 µg recombinant E2, as estimated by Western blot) and 2 mL oil adjuvant. Mock-infected Sf9 cells were processed identically and formulated to be used as negative control. Six British crossbred calves received two doses of the E2 recombinant immunogen and 2 calves received the control immunogen on days 0 and 21. On day 37, calves were intranasally challenged with 2.5 x 10 7 TCID 50 of the NADL strain of BVDV. Serum samples obtained periodically were evaluated by a viral neutralization assay (11) .
As shown in Figure 2B , all the animals immunized with the recombinant vaccine developed a specific humoral immune response due to vaccination, as indicated by the presence of neutralizing antibodies against the homologous NADL strain at 37 days postvaccination (the day of challenge). In contrast, sera from animals which received mock-infected Sf9 cells did not show neutralizing activity until 25 days post-challenge (62 dpv), suggesting that these antibodies were produced as a consequence of BVDV challenge. After challenge, animals treated with the recombinant vaccine showed a large increase in virus neutralizing titer values, which increased from 1.76 (at 52 dpv) to 3.36 (at 84 dpv). In the middle of this period, at 62 day post-vaccination, the mean value was 2.17 for the recombinant vaccine group, as opposed to only 0.9 for the control group.
In order to investigate if antibodies elicited by the recombinant E2 immunogen, which belongs to genotype Ia, cross-neutralized BVDV of different genotypes, viral neutralization assays were also performed against BVDV 1b and BVDV 2.
As shown in Figure 2B , when serum samples were tested against the BVDV 00-693 isolate (genotype 1b) (Odeón A, personal communication), the rate of appearance in vivo of neutralizing antibodies obtained was very similar to that observed Finally, serum samples were evaluated against the BVDV VS253 strain (genotype 2; USDA, Ames, IA, USA). On the day of virus challenge, only 2 of the 6 animals from the recombinant vaccine group had seroconverted, and 11 days later (48 days post-vaccination) all the animals in this group showed neutralizing antibodies against BVDV 2 ( Figure 2B ). Neutralizing titers induced by the recombinant E2 vaccine were higher than those observed in the control group, not only against the homologous strain, but also against heterologous ones, such as the 00-693 isolate (genotype 1b) and VS253 strain (genotype 2). The viral neutralization assay demonstrated that the recombinant immunogen induced a neutralizing response that showed cross-reactivity with BVDV subtype 1b and, although to a lesser extent, with BVDV genotype 2, as shown by the results obtained on the day of challenge, when the neutralizing antibodies detected were exclusively induced by the experimental immunogen. Nevertheless, the recombinant immunogen did not completely prevent clinical symptomatology (pyrexia, leukopenia) or viral replication after challenge. Viral isolation assays were performed on samples from ocu- This recombinant vaccine demonstrated the ability to elicit an in vitro neutralizing humoral immune response, which did not correlate completely with in vivo protection. This observation suggests that the presence of neutralizing antibodies against E2 is not the only feature required to avoid BVDV replication in cattle. Undoubtedly, other components of the immune response may be involved in avoiding the infection, as reported by others in studies using inactivated and modified live vaccines (16) .
Several studies based on vaccination with E2 glycoprotein expressed in different systems have been reported. Although vaccination assays with baculovirus-expressed E2 protein have been reported (6, 17) , the experimental vaccine employed in all cases consisted of E2 glycoprotein obtained from supernatants of recombinant baculovirus-infected cells. However, there are numerous examples of vaccination with infected cells, in which infected insect cells expressing immunodominant proteins of different viruses induced protection against homologous viral challenge (18, 19) . This constitutes an interesting option because purification methods are not required to obtain the recombinant protein. Moreover, this option provides a hydrophobic surrounding for the antigen which would contribute to the development of the proper immune response (20) .
In the present paper, we report the induction of an immune response in cattle immunized with a recombinant vaccine based on Sf9 insect cells displaying E2 glycoprotein of BVDV, as demonstrated by immunofluorescence assays (data not shown). The results obtained suggest that this methodology constitutes a promising approach to be considered in the design of a recombinant anti-BVDV vaccine.
Several parameters such as different doses, immunization schemes and routes of antigen administration remain to be evaluated, and a higher number of animals must be analyzed. Nevertheless, this recombinant vaccine demonstrated the ability to elicit an in vitro neutralizing humoral immune response, not only against the strain from which the antigen was obtained, but also against heterologous BVDV strains.
This vaccine approach represents a very promising tool for the implementation of BVDV eradication campaigns since its use could permit the differentiation between vaccinated and infected animals, since natural infection elicits the production of antibodies against other viral proteins such as E0 and NS3 (8) .
